Abstract-Three configurations of a unique single-phase power generation system based on inexpensive single-phase induction motors are proposed in this paper. All of these configurations are well suited for residential or equivalent small-scale gridtied power generation schemes because of their reduced cost, smaller footprint and minimum or no required maintenance. The wind power generation schemes presented in this paper could be used in stand-alone or grid-parallel mode without using any energy storage. Various characteristics of these configurations are summarized in this paper with necessary simulation and experimental results. In addition, an analytical model of the single-phase induction generator is presented to identify its operating characteristics.
I. INTRODUCTION
DC-motor based residential wind power generators are becoming prevalent these days because their output could be processed and utilized to charge storage batteries. Small scale 12V wind turbines cost around $2/watt including the installation cost where the motor costs around $1/watt. On the other hand, single phase (capacitor start split phase) induction motors are most common type of motors where the price could be as low as 0.1$/watt for a 500W motor. The $/watt number is even smaller for larger sized motors. In addition, induction motors have several advantages compared to other motors such as 1) reduced unit cost and size; 2) ruggedness; 3) brushless operation (in squirrel cage construction); 4) absence of any separate dc sources; 5) ease of maintenance; 6) self protection against severe overloads and short circuits, etc [1] [2] [3] . For these reasons, three-phase induction generators with the wound rotor construction occupy over 70% of the total installation capacity in wind energy [4] . However, these units are commonly used in large wind power generation systems with power range of 0.1-10 MW [5, 6] . In contrast, producing power from a single phase induction generator (SPIG) is an unconventional but inexpensive technique with fascinating features, and this method has several limitations and challenges as well. If electric power can be suitably produced from small-scale SPIGs for residential on-site power generation, it will become a technologically viable and economically superior solution.
Compared to three-phase induction generators, a small number of technical papers have addressed the potentials of SPIGs for electric power generation. References [7] [8] [9] [10] [11] [12] [13] [14] explored modeling, steady-state performance, transient performance, and excitation capacitance requirements for the SPIGs. The topologies presented in these papers are similar, and a typical configuration is shown in Figure 1 (a). For a rotational speed lower than the synchronous speed of the motor, the output frequency will be dictated by the equation 120
, where P is the number of poles and N is the shaft speed in RPM. In situations where maintaining the output voltage and frequency is not a prime requirement, this is a simple and practical solution. However the circuit may need a pre-charged capacitor to amplify the residual magnetism in the generator to provide the reactive power at start-up stage. Thus, additional hardware is needed for this kind of arrangement. Otherwise, it is not practical to operate this SPIG in stand-alone mode. Another topology for SPIGs proposed in [15, 16] is shown in Figure 1 (b). A battery fed inverter is used to provide the necessary reactive power during start-up. This configuration reliably performs and produces 60 Hz ac waveform provided the shaft speed exceeds the synchronous speed of the motor. The main downside of these two configurations would be the inability to generate any significant voltage at 60 Hz when the shaft speed is smaller than the synchronous speed of the motor.
This paper presents three different configurations for SPIGs applied in small scale power generation sites, and all of them are grid-tied single-phase induction generation systems without using any battery storage. Various circuit configurations (proposed) and their corresponding advantages and limitations are summarized in section II. A conventional model of an asymmetrical split phase induction motor has been used to analyze the operation of one of the three topologies presented in this paper and is attached in section III. Section IV shows the simulation and experimental results of the presented configurations.
II. PROPOSED CONFIGURATIONS
A. Configuration 1 Figure 2 shows a grid-parallel mode SPIG with a power converter added between the grid and the auxiliary winding of the motor in order to control the applied voltage to the auxiliary winding, and this process eventually controls the reactive power flow to the auxiliary winding. A capacitor a C is connected in parallel to the auxiliary winding which provides most of the reactive power required for the motor (SPIG). The 120 V grid and the loads are connected across the main winding of the SPIG. Another capacitor m C is also attached across the main winding in order to provide additional reactive power and to keep the load voltage constant. The various benefits of this configuration are: 1) maximum energy extraction during the situation when both main and auxiliary windings generate real power; 2) easier realization of the control circuit because these winding voltages will have a linear relationship; 3) the magnitude of the main winding voltage can be controlled directly by the voltage applied at the auxiliary winding of the SPIG, the phase of the main winding voltage is controlled by the inverter easily. The main disadvantage of this configuration is the requirement for shaft speed higher than the synchronous speed of the motor. The generator does not contribute any significant power at lower speeds. Figure 3 shows an improved configuration derived from the one shown in Figure 1 (a self-excited SPIG). The same power converter is added between the main winding and the grid in reverse direction. Both capacitors a C and m C are used to provide additional reactive power to the SPIG and to control the output voltage. Various benefits of this configuration are: 1) the power can be generated from the SPIG regardless of the speed (higher or lower than the synchronous speed) of the motor; 2) with a bidirectional power electronic converter, the grid rather than a battery can be used to provide the initial starting voltage; 3) this configuration can be used in stand-alone mode as well. The main disadvantage of this configuration is the fixed capacitances across the main winding and the auxiliary winding, and these capacitors may not guarantee a proper voltage regulation. This can be seen from the simulation and experimental results in section IV. Figure 4 shows another configuration of the proposed SPIG. The rectifier and the inverter in Figure 2 are replaced by a transformer, and the power converters are connected to the primary side of the transformer. In this configuration, the power converter need to handle a fractional part of the mains 120V to control the reactive power to the auxiliary winding. This configuration is much simpler than the previous two versions and exhibits several interesting attributes. However, the control of the magnitude and the phase of the main winding voltage are more complex than configuration 1 because these variables are regulated by the voltage amplitude and phase at the secondary side of the transformer. Another limitation is that the circuit employs a 60 Hz transformer to control the power flow. The possible solution to this limitation is to replace the low frequency transformer and the power electronic converters by a STATCOM or other static compensators.
B. Configuration 2

C. Configuration 3
III. ANALYTICAL MODEL OF SPIG
For a two-pole single-phase asymmetrical induction machine, the voltage equations can be obtained from the machine geometry. In order to obtain the voltage equations with constant coefficients, it is necessary to transform all machine variables to the stationary reference frame. Performing this transformation, the dynamic voltage and torque equations of a SPIG can be acquired [17] .
( 1 )
where
In these equations, is the stator voltage in q-axis, is the stator resistance in q-axis, is the stator current in qaxis, is the stator flux linkage in q-axis, is the stator voltage in d-axis, is the stator resistance in d-axis, is the stator current in d-axis, is the stator flux linkage in d-axis, ′ is the rotor resistance in q-axis, ′ is the rotor current in q-axis, ′ is the rotor flux linkage in q-axis, ′ is the rotor resistance in d-axis, ′ is the rotor current in daxis, ′ is the rotor flux linkage in d-axis, is the electrical torque.
Other parameters in these equations are:
is the number of pole pairs, is the turn ratio between q-axis and d-axis, is the rotational speed, is the stator inductance in q-axis, is the stator inductance in d-axis, ′ is the rotor inductance in q-axis, ′ is the rotor inductance in d-axis, is the mutual inductance in q-axis, is the mutual inductance in d-axis.
Expressing the voltage and flux linkage equations in terms of reactance rather than inductance is a more convenient way. Hence, the equations (1-4) and (6-9) above can be rewritten as:
In equations (12) (13) (14) (15) (16) (17) (18) (19) , is the stator reactance in qaxis, is the stator reactance in d-axis, ′ is the rotor reactance in q-axis, ′ is the rotor reactance in d-axis, is the mutual reactance in q-axis, is the mutual reactance in d-axis, is the base electrical angular velocity used to calculate the inductive reactance. In this case 2 60 377 / .
Applying the harmonics balance technique, the dynamic model of the SPIG can be converted to a steady-state model as follows:
Using these steady-state equations and specific equations for different configurations, every configuration mentioned in the previous sections can be analyzed mathematically. 
Input voltage of the auxiliary winding (V)
The first configuration is taken as an example. The main winding voltage is and the voltage supplied to the auxiliary winding is . Thus, another steady-state circuit equation can be obtained as:
The relationship among different variables can be obtained by solving the equations (20-24) using Matlab ○ R . Figure 5 shows the relationship between the rotational speed and the output voltage across the main winding. Figure 6 shows the relationship between the loading resistance and the output voltage across the main winding. Thus, from Figure 5 and 6, it is apparent that the fluctuation of the rotational speed or the output power affects the output voltage of the main winding provided the voltage supplied at the auxiliary winding is maintained at a constant level.
The relationship between the input voltage applied at the auxiliary winding and the output voltage present at the main winding is shown in Figure 7 . This figure shows a fairly linear relationship between the voltages at the main and auxiliary windings. By adopting an appropriate voltage control scheme for the auxiliary winding, the output voltage generated at the main winding can be regulated.
IV. SIMULATION AND EXPERIMENTAL RESULTS
For configuration 1, a Simulink model of the system has been developed and a prototype of the SPIG has been implemented to verify the analytical results. The nameplate ratings of the motor under test are listed in Table 1 . The capacitors a C and m C were set to 140 µF both in simulation and experiment. Table 2 . It was found that the real power supplied to the auxiliary winding was close to zero, which indicates that the generator converts mechanical energy to electricity energy rather than consuming energy through the auxiliary winding. The voltage across the auxiliary winding had the same frequency as the voltage across the main winding. obtained from the experiment are thus consistent with the simulation and theoretical analysis.
For configuration 2, a Simulink model of the system has been developed and a prototype of the SPIG has been implemented as well. During this test, capacitors m C and a C are connected at the main and auxiliary windings of the SPIG. With each pair of capacitors, the active power injected to the grid and the corresponding rotational speeds of the SPIG are recorded in the simulation and the experiment. Figure 9 shows the simulation results of the active power supplied to the grid as a function of the rotational speed. A similar relationship, obtained from the test results is shown in Figure 10 .
From the simulation and the experimental results, it is apparent that active power can be produced from the SPIG within a small range of mechanical speed with fixed capacitors. In addition, there is a rotational speed limitation for specific capacitors connected across the main and auxiliary windings. If the mechanical speed is lower than this minimum point, output cannot be generated from the main winding, or the SPIG cannot enter into the selfexcitation mode. In addition, there is a maximum active power generation limit with fixed capacitors as well. If the rotational speed of the SPIG exceeds this point, the real power produced from the SPIG cannot increase any more. In order to produce active power from the SPIG using configuration 2 within a wide operational range, an adjustable capacitor is required. Moreover, larger capacitances are required at lower rotational speed of the SPIG. Smaller capacitances are needed at higher rotational speed.
A Simulink model and a prototype of the configuration 3 have been developed and implemented to investigate the characteristics of the SPIG in this configuration. Figure 13 shows another set of simulation results for configuration 3. When the main winding is tied to the grid, the active power injected to the grid can be controlled by regulating the initial phase angle of the voltage source s V with respect to the phase angle of the grid. Figure 13 shows the simulated real power supplied to the grid as a function of the phase angle of s V . This is very promising because the phase angle thus increases the degrees of freedom of the system to control the generated power. For configuration 3, the maximum power generated from the SPIG can be tracked by adjusting these two variables: voltage amplitude and the initial phase of s V .
V. CONCLUSIONS
Three simple and practical configurations of a grid-tied SPIG are proposed, and the corresponding characteristics are summarized in this paper. With a conventional model of an SPIG, one of the three configurations has been analyzed mathematically in order to investigate the relationships among different variables such as rotational speed, loading, voltages at main and auxiliary windings and capacitors connected across the windings. Simulation and experimental results of these three configurations are presented to verify the feasibility and to show the drawbacks of these topologies. As a next step, a dynamic capacitor or a static VAR compensator will be investigated for configuration 2 in order to generate an uninterrupted output voltage for a wide shaft speed. In addition, the relationship between the output voltage and the phase of Vs needs to be experimentally verified to achieve a better control over the generated voltage.
